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Puzzling features of western Mediterranean
tectonics explained by slab dragging

Wim Spakman®'2*, Maria V. Chertova’, Arie. van den Berg' and Douwe J. J. van Hinsbergen'

The recent tectonic evolution of the western Mediterranean region is enigmatic. The causes for the closure of the Moroccan
marine gateway prior to the Messinian salinity crisis, for the ongoing shortening of the Moroccan Rif and for the origin of the
seismogenic Trans-Alboran shear zone and eastern Betics extension are unclear. These puzzling tectonic features cannot be
fully explained by subduction of the east-dipping Gibraltar slab in the context of the regional relative plate motion frame. Here
we use a combination of geological and geodetic data, as well as three-dimensional numerical modelling of subduction, to show
that these unusual tectonic features could be the consequence of slab dragging—the north to north-eastward dragging of the
Gibraltar slab by the absolute motion of the African Plate. Comparison of our model results to patterns of deformation in the
western Mediterranean constrained by geological and geodetic data confirm that slab dragging provides a plausible mechanism
for the observed deformation. Our results imply that the impact of absolute plate motion on subduction is identifiable from
crustal observations. Identifying such signatures elsewhere may improve the mantle reference frame and provide insights on

subduction evolution and associated crustal deformation.

considered in the context of the relative motions between two
converging plates: both trench-perpendicular plate motions,
such as slab rollback or slab advance, and trench-parallel move-
ments cause the crust to deform'~. However, the absolute motions
of plates place additional lateral forces on the subducting slab.
Absolute plate motions (APMs) at the surface can act to push or pull
the subducting slab in the mantle in directions different to that of
the relative plate convergence. This slab dragging’ is resisted by the
mantle and the resistance can translate into further crustal deforma-
tion at the surface. Generally, slab dragging denotes the process of
lateral slab transport through the mantle that is forced by the abso-
lute surface motion of the subducting plate. A simple analogy of
slab dragging would be a hand (the slab) dragging through water
(the mantle) by the motion of one’s arm (the surface motion of the
subducting plate). The mantle resistance to slab dragging comprises
the resistance to trench-parallel slab motion through the mantle and
also incorporates slab anchoring', which classically concerns only
the mantle resistance to trench-perpendicular slab motion.
Remarkably, since the recognition of plate tectonics only a few
suggestions of slab dragging have been made. These studies®® imply
that on timescales of tens of millions of years, slab dragging can
potentially laterally transport entire subduction systems hundreds
of kilometres in a direction that is governed by the absolute surface
motion of the subducting plate and not by the relative plate conver-
gence. Mantle resistance against slab dragging may strongly affect
subduction evolution and lithosphere deformation’, but remains
underexplored. Here we argue that enigmatic tectonic features in
the western Mediterranean that were activated predominantly in
the past ~8 Myr, and some of which continue to deform today, can
be explained by slab dragging.

C rustal deformation induced by plate subduction is typically

Puzzling tectonic features of the western Mediterranean region
The dynamic role of subduction in the tectonic evolution of the
western Mediterranean region has been long debated’. Considerable

focus was obtained with the delineation of the Rif-Gibraltar-Betics
(RGB) slab by seismic tomography'®-* (Fig. 1 and Supplementary
Video 1). This provided a clear target for tectonic reconstruc-
tion”""” and three-dimensional (3D) slab-evolution modelling",
which demonstrated that a westward subduction rollback was a
prime driver of tectonic evolution in the Neogene. The slab settled
in the Betic-Alboran-Rif region in the Late Miocene (~8 million
years ago (Ma)) with no geological evidence for further lateral
motion'*'*", whereas slab sinking was accompanied by progressive
slab tearing from the eastern to the central Betics'>'*" and by pro-
gressive delamination of the lithospheric mantle'**. From the west-
ern Betics to the Moroccan Rif, the intermediate-depth seismicity
(Fig. 2a) testifies to a still-attached slab'®*'.

The specific role of the slab in determining regional tectonics is,
however, still equivocal. In fact, most tectonic activity since the Late
Miocene is attributed to the relative NW-SE convergence between
the African and Iberian (Eurasian) plates along an undefined plate
boundary geometry?***. Although this may explain some general
features, such as regional rotations in the stress field, regional trends
in global positioning system (GPS) motions or the sense of motion
on important fault systems®>*>*, there is no integral explanation
for the important first-order tectonic features that characterize the
RGB region.

These puzzling features comprise the closure of the marine gate-
ways in northern Morocco prior to the Messinian salinity crisis”
(MSC) by an on average N-S crustal shortening®, the enigmatic
present-day NNE-SSW shortening shown by GPS motions** and
crustal thickening of the Moroccan Rif*»****, the geodynamic ori-
gin of the regionally most prominent faults systems (the seismically
active west Trans Alboran Shear Zone (WTASZ)* and the Eastern
Betics Shear Zone (EBSZ), the WSW-ENE extension of the central-
eastern Betics'®** and, lastly, the contrasting main tectonic shorten-
ing directions of the Rif and Betic orogens’ (Fig. 2b).

Solutions for the neotectonic role of the slab in explaining some of
these features have been suggested from numerical modelling of the
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Fig. 1| RGB slab and its connectivity to the African and Iberian
lithosphere. Cartoon interpretation of the RGB-slab morphology'©'#'¢
across the upper mantle. Vectors illustrate the APMs for Africa and
Iberia®’ as well as the slower central-eastern Betics motion. A N-NNE
slab dragging motion by the absolute motion of predominantly the African
plate, is suggested in the slab. The bottom is at a depth of 660 km.

lithosphere that treats the lithosphere as a thin elastic** or viscoplas-
tic**** sheet using the relative NW-SE plate convergence as a bound-
ary condition. The elastic modelling requires an approximately
SSW directed traction positioned locally under the Moroccan Rif
to explain the anomalous GPS motions of the Moroccan Rif, which
is attributed to an approximately SSW rollback of the delaminated
African continental lithosphere*’. The viscoplastic modelling of the
wider plate boundary region suggests either no role for the slab®
or requires an approximately SW-directed shear traction under the
Alboran domain, which is attributed to slab suction and/or slab-
induced mantle flow”. Furthermore, a W-WSW-directed slab roll-
back is suggested to explain the kinematics of the subduction wedge
to the west of the Gibraltar Strait*’. These and other studies exem-
plify that the proposed dynamic role of the RGB slab is quite diverse
and that it is invariably being cast in a regional relative plate motion
frame. However, slab motion and mantle flow can only be prop-
erly defined and investigated in the mantle reference frame"?, which
is the framework we use here for our investigation of the dynamic
role of the RGB slab in driving the regional tectonic evolution. To
this end, we compare predictions of slab motion from 3D numerical
models of RGB subduction evolution with the first-order observa-
tions of regional tectonic change in the western Mediterranean in
the past ~8 Myr, including the noted puzzling tectonic features.

4D modelling of mantle-resisted RGB slab dragging

Our numerical subduction models incorporate published models*'
as well as new models that together test the model sensitivity for a
wide range of rheological settings, initial conditions and APM con-
straints*'* (Methods). The mantle frame and associated APM plays
an important role in our modelling, but is still rather uncertain.
Figure 3 illustrates this uncertainty with the APM predictions of
eight modern mantle frames for a point that is assumed to be located
on the African plate. Models based on the hotspot-plume para-
digm®~* generally show N-NNE African plate motion, of which

models restricted to Indo-Atlantic hotspots**** predict APMs with
a slightly larger azimuth and amplitude. The other APM models,
which predict that APM vectors point to the NW-NNW, are based
on alignment with fast directions of upper mantle anisotropy*-*,
or alignment with ocean spreading directions*’. We prefer hotspot
mantle frames because, by their nature, these anchor APMs to the
deep mantle. We emphasize that all mantle frames predict a north-
ern component of the African APM in the region. Here, we used for
most of our modelling the global moving hotspot reference frame
(GMHRF)¥ mantle frame for the African APM, but we have also
experimented with mantle frames in which Africa is fixed to the
mantle or moving to the NW*. The Iberian APM is schematically
shown in Fig. 1 and is constrained by adding its NW-SE-directed
relative motion vector obtained from plate reconstruction' (for
numerical modelling) or from GPS motions**** (for our GPS analy-
sis) to the African APM.

The primary modelling results are that a rheologically strong slab
isrequired to optimize the match between the predicted and observed
slab geometry and that the RGB slab must still be attached to both
the African and the Eurasian plates' (Fig. 1 and Supplementary
Videos 3 and 4). The latter concurs with seismological and geodetic
observations'*** and with the fragmented plate boundary of widely
distributed active faults. The connectivity between the slab and the
plates causes the component of the APM that is shared by the two
plates to transport the entire region northward, which may include a
comparable transport of the slab laterally through the mantle (Fig. 1).
Such slab dragging is, indeed, what our numerical experiments of
slab evolution invariably reveal (Fig. 4, Supplementary Fig. 1 and
Supplementary Videos 2-4), which concurs with previous mod-
els using different model set-ups and mantle rheology*'. In the
GMHREF frame, the modelled slab dragging occurs to the N-NNE
from ~8 Ma and is undetectable from the relative NW-SE plate con-
vergence (Fig. 4a, inset). In the models, the slab dragging results pre-
dominantly from the push by the African lithosphere because the
Iberian lithosphere, although moving to the NE, is also converging
towards Africa in the SE direction. The effect on the N-NNE slab
dragging is, however, reduced by continuous lithosphere tearing that
has gradually developed under the eastern Betics and propagates to
the west (Fig. 4a and Supplementary Video 2).

The various subduction models determined here (Methods) and
previously®'* all share the first-order feature of RGB slab dragging
by the African APM. Earlier models®, testing different APM frames,
show that if the Africa motion was to the NW (Fig. 3), the slab is
dragged accordingly to the NW, and if Africa is fixed to the mantle
no slab dragging occurs. This substantiates that the APM of the
subducting plate governs the direction of the RGB slab dragging.
Importantly, our models show that the viscous coupling with the
mantle resists slab dragging, which causes the slab to lag slightly
behind with the APM of the African plate leading to an indentation
of the Moroccan margin by the slab (Fig. 4a). This is corroborated
by models with a slightly higher mantle viscosity that feature the
slab indentation of the African margin to a larger degree, as shown
by the B model of Supplementary Fig. 1 and in previous work*'*. We
conclude that mantle-resisted slab dragging is a robust model fea-
ture that is used in the following as a novel guidance for investigat-
ing the causal links with regional tectonic change evidenced by the
regional deformation of the crust coupled to the slab and coupled to
the African and Iberian lithospheric mantle.

Matching predictions of slab dragging to tectonic change

Tectonic reconstruction shows that during the rapid phase of overall
westward rollback prior to ~8 Ma, the Alboran platelet that is cou-
pled to the slab moved between and thrusted over both the African
and Iberian margins™'®. When the modelled slab evolution is viewed
relative to the African plate, which is important for linking model
predictions to the tectonics of the African margin, the slab moves
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Fig. 2 | Western Mediterranean plate boundary region. a, Seismicity (http://www.ign.es/web/ign/portal) with magnitude M >3 and with the hypocentre
depth colour coded (legend). Light blue line: slab outline at 200 km (ref. '*); dashed blue lines: internal-external Betics zone boundary (IEZB)?; dark blue
lines: major strike-slip faults'® with the sense of motion indicated by yellow half arrows. b, Major styles of tectonic deformation from ~8 Ma and GPS
motion vectors in an African-fixed frame: purple®, green“®, light blue”’, magenta“. AH, Al Hoceima earthquake cluster; AMf, Alhamade-Murcia fault;

At, Atlantic Ocean; CB, Central Betics; Cf, Carboneras fault system; EB, Eastern Betics; GS, Gibraltar Strait; Jf, Jehba fault; Nf, Nekor fault; PM, Palomares
margin; Rif, Moroccan Rif; WA, West Alboran; WB, Western Betics; Yf, Yusuf fault.

initially to the SW when westward rollback is still important, and in
the past 8 Myr to the S-SSW (Fig. 4b). The relative S-SSW conver-
gence between the modelled RGB slab and the African plate is due
to the viscous mantle resistance against the N-NNE slab dragging,
which causes the slab to lag behind (Fig. 4a).

Prior to ~8Ma, westward rollback in the African frame com-
bines with this S-SSW-directed component of slab motion
(Fig. 4b) and predicts the effective approximately SW strike and left-
lateral motion of the Jehba and Nekor faults that bound the Alboran
platelet to the SE, as well as the ENE-WSW thin-skinned thrusting
that accommodates a large shortening in the Rif at the Alboran-
Africa plate interface’*. Slab-edge indentation along the African
margin due to mantle-resisted slab dragging also provides the forc-
ing mechanism for the proposed delamination and destruction of
the African continental edge during a rapid westward rollback***
(Supplementary Videos 3 and 4). In an Iberian-fixed frame, the slab
seemingly moves initially westward under the Betics and then to the
NW (Fig. 4¢). In this frame the relative plate convergence combines
with a seemingly NW-directed slab dragging. Geological observa-
tions show an overall WNW shortening direction”* turning to NW
from ~8 Ma when rollback stalled (Fig. 4c). These relative slab—plate
motions (Fig. 4b,c) provide, in combination with relative plate con-
vergence, a dynamic driver for the disparate directions of the mean
tectonic transport in the Betic and Rif**.

After ~8 Myr, the rollback rates sharply decreased and the slab
indentation of the north Moroccan margin became the dominant
driver of deformation, which provides a straightforward explana-
tion for the puzzling local crustal thickening of the Rif at the contin-
uation of the slab with the continent’~*. The roughly N-S-directed,
kilometre-scale, thick-skinned thrusting of the Rif from ~8 Ma (ref.
%) complies entirely with the direction and modelled magnitude of
indentation of the slab edge into African continental lithosphere.
Thrusting occurred along steep reverse faults” and incited a large
uplift for which a shortening of 10-20km is thought sufficient to
close the Moroccan marine gateways that precede the MSC****. The
10-15km of indention modelled in our G model (Fig. 4a) can thus

provide the missing dynamic mechanism that forces the Moroccan
gateway closure.

Mantle-resisted slab dragging also explains the existence of the
left-lateral TASZ. The WTASZ, striking N 22.5° E+2.5°, is pres-
ently the seismically most-active part™ and lines up with the east-
ern boundary of the imaged slab (Figs. 2 and 3). The NE-SW strike
of TASZ faults directly to the east of the WTASZ (Figs. 2 and 3)
complies with the earlier rapid rollback phase (see the Jehba and
Nekor faults). The WTASZ accommodates the differential motion
between, on one side, the west Alboran and western Betics crust
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Fig. 3 | African APM estimates from modern APM models. Hotspot-
based models: 1, GMHRF?’; 2, Indo-Atlantic Moving Hotspot Frame™;

3, Indo-Atlantic hotspot frame*; 4, HS4-EW-MOVEL56 global fixed-
hotspot frame™. Alignment with mantle anisotropy: 5, SL2013SVA*%;

6, SKS-MORVEL*; 7, DR2012%; 8, SARF ocean-spreading alignment*;

9, APM of the African plate determined here. 1- 6 confidence ellipses are
plotted when available. Thick dashed transparent lines show the key fault
system (the caption to Fig. 2 describes the lines). Vectors are computed for
(3.5°W, 36°N), but are displayed at (4.0°W, 35.75°N).
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Fig. 4 | G model: slab motion with a focus on the past 8 Myr. a, Slab
motion in a mantle reference frame. The 1,400 K slab envelope is shown
from 200 km downward. Grey contours at every 2 Myr since 20 Ma track
the slab motion. Purple and yellow lines: slab and plate positions at 8 and
0 Myr, respectively; magenta vector: slab transport by mantle-resisted

slab dragging; inset: comparison of movement vectors. b, Slab motion in
the Africa-fixed frame. Magenta vectors: WSW convergence until ~8 Myr
followed by a SSW-S directed slab indentation. ¢, Slab motion in the Iberia-
fixed frame. Magenta vectors: W-NW-directed slab motion through time.
In all of the panels, the vectors show motions in ~8 Myr—red: movement of
Iberia and Africa; orange: slab tearing ~120km in a, and ~150 km in b and c.

coupled to the still-continuous slab and, on the other side, the east
Alboran crust that can move more freely relative to the slab with
Africa and Iberia (Eurasia).

Lastly, the central-to-eastern Betics extension is explained by the
relative motion between the NE-directed absolute motion of the
Iberian main continent (Fig. 1) and the slab that lags behind because

of mantle resistance against the NNE transport and is decoupled
from Iberian motion by continuous slab tearing (Fig. 4a,c). West of
the slab tear, at ~4° W, the crust is still locked to the slab'® and the
Iberian lithosphere and NW-SE shortening from the relative plate
convergence dominates. In contrast, the central-eastern Betics crust
to the east lacks the support of the lithospheric mantle'® (Fig. 1)
and is being pulled by the approximately NE moving Iberian plate,
which causes the still-active!®** N(50°-60°)E extension. The left-lat-
eral motion of the EBSZ* is explained by the faster approximately
NE-directed Eurasia motion of the offshore Palomares margin
(Fig. 2a) with respect to the extending eastern Betic crust (Fig. 1).

Corroborating evidence and APM of the African plate

To investigate the style of the present-day tectonic activ-
ity, we inverted the published GPS motions***** (Fig. 2b and
Supplementary Fig. 2) for the underlying strain- and rotation-rate
fields, which are independent of the plate-motion frame (Fig. 5,
Methods and Supplementary Video 5). These reveal deformation
patterns similar to the style of tectonic deformation since 8 Ma,
which suggests a time-stationary forcing of crustal deformation:
N-S to NE-SW shortening of the Rif, NW-SE shortening of the
western Betics and concurrent NNE-NE-directed extension east of
the location of active slab tearing'® (Fig. 5a). The combination of
strain- and rotation-rate patterns correctly detects the ‘simple shear’
nature of the left-lateral EBSZ and WTASZ shear zones and the
right-lateral motion of the Yusuf fault, which together help to trans-
fer the absolute N-NNE Africa motion to the NE-directed Eurasian
motion as depicted by the flow field (Fig. 5b). The local trans-ten-
sional tectonics and the strike-slip nature of the hazardous earth-
quakes of the Al Hoceima region*>* at the southern extremity of the
WTASZ (Fig. 2a) agree with the pattern of the shear-strain rate and
is now understood to be caused by slab indentation directly to the
west of this region that is driven by mantle-resisted slab dragging.

The predicted crustal flow field (Fig. 5b) in the GMHRF* illus-
trates a close alignment of the absolute Africa and Iberia motion
with the WTASZ and EBSZ, respectively. A recent global fixed-
hotspot mantle frame* (Fig. 3) leads to a similar result. The anom-
alous approximately SSW-directed GPS motions of the Rif in the
Africa-fixed frame***>** (Fig. 2b) were previously attributed to
rollback’>***. We emphasize, however, that no indication of true
rollback, that is, in the mantle frame, can be derived from the GPS
motion field (Methods). Instead, the approximate alignment of the
GPS vectors in the Rif with the strike of the WTASZ (Fig. 2b) is
taken here as a strong indication that the observed indentation is
at present driven predominantly by the mantle resistance against
approximately NNE slab dragging. This also explains the SW-SSW
motion, relative to Africa, of the so-called ‘Rif-Betic-west Alboran
microplate’ as it is coupled to the slab.

From the above analysis we infer that the N 22.5° E+2.5° strike
of the WTASZ aligns with the actual direction of the African APM.
The alignment of the GPS motions in the mantle frame with the
Carboneras fault and EBSZ (Fig. 5b), and our earlier explanation
of these fault systems, suggest similarly that their strike of N 51.5°
E+2.5° is parallel to the Iberian APM. The rather sharp transition of
the APM occurs in crust not underlain by thick lithosphere and is
possibly facilitated by past and ongoing slab tearing and delamina-
tion'®*’. Importantly, such inferred APM directions constitute strong
constraints on the location of the absolute Euler pole (Methods and
Supplementary Fig. 3). Furthermore, these fault-system directions
combined with estimates of local relative plate motion even allow us
to compute the local APM vector of the African plate (red vector in
Fig. 3 and Methods). This APM vector is based on our new interpre-
tation of the origin of both fault systems and is independent of other
predictions of APM (Fig. 3). The crustal signature of mantle-resisted
slab dragging thus offers a novel way to determine APM directions
and better constrain the still rather uncertain (Fig. 3) mantle frame.
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Fig. 5 | GPS-derived strain and rotation rates and crustal motion in the mantle frame. a, Principal axes and amplitudes of strain rate. The light-blue
(yellow) vectors denote contraction (extension). The dilation rate is colour contoured; positive (negative) values denote extension (contraction). b,
Observed (Fig. 2 caption) and predicted crustal motion field in the GMHRF®’. The rotation rate is colour contoured (legend below a; reddish colours show a

clockwise rotation).

Our new geodynamic model for the region in a mantle reference
frame naturally includes the relative NW-SE convergence between
Iberia and Africa and complements this with N-NNE mantle-resisted
dragging of a tearing slab. It coherently explains all the first-order tec-
tonic features that were hitherto poorly understood. We identify the
WTASZ, Yusuf fault and EBSZ as important fault systems for the trans-
fer from African to Eurasian plate motion, as was suggested previously*,
with the plates still connected through the Rif-Gibraltar-western-
Betics corridor (Fig. 1). This implies a nascent, rather than mature, plate
boundary, which explains the tectonically diffuse character of the region.

Our analysis corroborates the existence of slab dragging and that its
direction can be unrelated to trench orientation or relative plate con-
vergence in the case that the entire subduction system is transported by
a common component of the APM of the subducting and overriding
plates (Fig. 4a inset), which may be one reason why slab dragging has
been largely overlooked since the recognition of plate tectonics. Our
definition of slab dragging also comprises the trench-perpendicular
contributions of the subducting plate to subduction, slab rollback or
slab advance in which the deep upper mantle resistance has been called
slab anchoring'. The large trench-oblique lateral transport suggested
in previous studies™® indicates that the mantle resistance against slab
dragging does not necessarily lead to a strong slab anchoring. Slab
dragging is only detectable in the mantle frame and its effects on the
tectonic evolution of other plate boundary zones remain to be explored.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
0rg/10.1038/s41561-018-0066-z.

Received: 12 June 2017; Accepted: 15 January 2018;
Published online: 19 February 2018
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Methods

APM models. For most of our numerical modelling (B and G models of Fig. 4
and Supplementary Fig. 1, as well as in previous work*'*), we adopted the average
APM of the African plate of the past ~35Myr determined from the GMHRF"".
The GMHRE results from an elaborate iterative scheme that utilizes the latest
plate circuits and accounts for hotspot motion due to lateral plume advection in a
flowing mantle. The resulting APM frame explains the hotspot tracks well and the
model outcomes, such as absolute Euler poles, are given with realistic uncertainty
estimates. Several other APM frames exist, but most only apply to the present day
or the past few million years* (Fig. 3). We used the GMHREF because it is currently
the most-elaborated global hotspot frame that links APMs to the deep mantle.
Other hotspot frames use subsets of hotspot tracks or are limited to the past few
million years (main text).

With regard to our numerical modelling of subduction evolution, we tested
several end-member mantle frames (based on Africa-fixed, Iberia-fixed and a
model that assumed Africa motion is twice the velocity in the GMHRF) as model
boundary conditions to investigate how different plate motions would affect the
subduction evolution of the RGB slab".

In our illustration of regional GPS motion in the mantle frame (Fig. 5b) we
used the Africa APM GMHREF* pole for the past 10 Myr (SI Fig. 3). Our work
shows independently that this pole is rather well located (Fig. 3 and final section
of Methods).

3D numerical modelling of RGB-slab evolution. We largely follow Chertova et al.*'*
for the 3D slab-evolution modelling of its Tectonic Evolution Scenario 1 for the
western Mediterranean region. This tectonic scenario outperformed other
published scenarios in predicting the imaged RGB slab structure after 35 Myr of
subduction evolution. The initial model set-up, a Cartesian box of 1,000 km X
1,800 km x 1,300 km in N-S, E-W and depth extent, respectively, describes the
ocean-continent palaeogeography and initial subduction at ~35 Ma (ref. '°). The
latter concerns a small slab restricted to the Baleares margin that starts to rollback
initially to the south, then turns to the west and, in the final stages, rolls back to the
NW (Supplementary Videos 2-4). Numerical modelling of this evolution is based
on the extended Boussinesq approximation, which includes upper-mantle phase
changes and frictional heating. Although we solve the same pertinent equations
as in Chertova et al.*', we show these equations for completeness and for the
definition of the specific use and setting of the model parameters that appear in the
equations (Supplementary Table 1). We use the finite-element modelling package
SEPRAN® to solve the following dimensionless equations (summation over
repeated indices is implied).

The mass conservation of an incompressible viscous fluid:

()jvj=0 (1)

Stokes equation:
~0pP+0,=|RaT— ) RbyTi g, @)
k

and the heat-conservation equation:
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A composite viscoplastic rheology is used that comprises dislocation and
diffusion creep and a stress limiter. The effective viscosity 77 . is determined as:
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and
7,=min(7y+yP, 7,,,) (4e)

In these equations v is the flow velocity; 7 is the mechanical stress; Ra is the
thermal Rayleigh number; Rb is the compositional Rayleigh number, I is the phase
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function; g is the gravitational acceleration; Di is the dissipation number; @ is the
fractional dissipation; 1 is the power law exponent; € is the second invariant of the
strain-rate tensor; Ay 4,4 re diffusion and dislocation creep viscosity prefactors;
u is the shear modulus; y is the yield stress gradient; b is the Burgers vector; d is
the grain size; m is the grain-size exponent; Vi 4 and Eyigr 5, are the activation
volume and activation energy for diffusion and dislocation creep, respectively;

P is the lithostatic pressure; T is the temperature; 7, is the yield stress value at

the top surface and 7, is the maximum yield stress value. The first component

of 7, defines the depth-dependent strength of the material. If the stress exceeds
this value the material gradually becomes weaker. The strength of the material
increases with depth until it reaches 7, .

Previous models*'* used a constant APM velocity for the African and
Iberian plate along the southern and northern boundaries of the model. Here we
implemented a linear increase from 6.2 mmyr in the west to 8.6 mmyr' in the
east imposed at an angle N9°E on the top 150 km of the southern model edge,
that is, the lower side in Supplementary Video 2, and is an average of 35 Myr
of Africa motion derived from the GMHRF" for that boundary. For Iberia we
used 4.6 mmyr' uniformly at an azimuth of N58°E defined at the top 150 km of
the northern edge of the model. Below this depth the side boundaries are open
for lateral in- or outflow'". Instead of a linear mantle geotherm, we now use an
adiabatic geotherm with a potential temperature of 1,573 K at a depth of 140 km.

The top surface has a free-slip (impermeable) boundary condition. To
allow for slab decoupling from the surface, we followed our previous work by
implementing a relatively weak crustal layer of 5.0 10" Pas and a thickness of
30km. The numerical models focus on the dynamic evolution of the mechanically
strong lithospheric mantle. Our predictions for the first-order tectonic features are
primarily governed by the regional dynamic interaction between the rheologically
strong lithospheric plates and the slab. Its high age of 100-140 Myr means the slab
acts as a stress guide that transmits stresses from the mantle to the overlying crust.

We present results from two slab-evolution models: the ‘green’ model (G
model) of Fig. 4 and the ‘blue’ model (B model) of Supplementary Fig. 1. Previous
models™'* showed a relatively large indentation of the Moroccan margin due to
mantle-resisted slab dragging. Here we recomputed slab models with slightly
different rheological settings (Supplementary Table 1) that showed small,
~10-15km for the G model (Fig. 4), and large, ~30-35km for the B model
(Supplementary Fig. 1), indentations. The difference between the G and B models
results only from a small change in the lower mantle viscosity from 1.0 X 10*Pas to
2.0 X 102 Pas, respectively, and from a change in the activation energy for diffusion
creep from 240kJ mol~' to 250 k] mol~, respectively. The main differences between
the two models concern, for the G-model, more slab tearing under the Betics, a
smaller indentation of the African margin and some sinking of the G slab in the
lower mantle, which partly drives slab tearing under the central-eastern Betics.
These differences are due to only small changes in the rheological parameters,
which shows how sensitive slab evolution is to nonlinear rheology.

Supplementary Video 2 shows the entire evolution of the G model from a
depth of 200 km downward. The slab contours of Fig. 4 are determined from this
temporal evolution. Supplementary Videos 3 and 4 show the G model and the B
model, respectively, from a viewpoint in the northeast, which clearly illustrates the
N-NNE slab dragging of the RGB slab by the African plate.

GPS motion inversion for strain- and rotation-rate fields. The GPS motion
inversion was performed with the method developed by Spakman and Nyst**.
We used published GPS motion vectors™****, The inversion method inverts the
relative motion between all the possible pairs of GPS stations and determines the
horizontal velocity-gradient field and the relative Euler rotations between the
contributing GPS networks. These relative network rotations are then applied
to the data to rotate all the data in a common frame and next an inversion is
performed that leads to strain and rotation rates that are no longer significantly
affected by relative network rotations. We supplemented this data set with 12
synthetic motion vectors on the African plate, 10 in the Atlantic and 2 in Algeria
(Supplementary Fig. 2), which were assigned a 0 + 0.2mmyr' motion in the
African frame. In the Atlantic, these synthetic data force the velocity gradient to
zero, whereas in Algeria they help to stabilize the solution near the boundary. In
the Atlantic, the synthetic data determine only the transition in deformation from
the land to ocean and do not affect the deformation patterns discussed in the main
text. Supplementary Fig. 2 also shows the model triangulation of the larger region
for which we performed the GPS inversion using triangles on which bilinear basis
functions are defined for the model parameters (the four independent components
of the strain- and rotation-rate tensors in a spherical geometry), which allows for a
quadratic velocity change within each model triangle.

The inversion results shown in Fig. 5 are a zoom-in on the study region.
The inversion of the GPS vectors requires some regularization to stabilize the
solution near the network perimeter where data density is low. The solution on
the perimeter can be regularized separately and has been used to force the velocity
gradient to zero. In addition, we experimented with imposed damping on the
amplitudes of the components of the velocity-gradient tensor field. Supplementary
Video 5 shows how additional uniform amplitude damping affects the solution and
the prediction of the crustal flow field as well as the spatial resolution and model
covariance. For the definition of spatial resolution and model covariance we refer
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to the original paper™. The solution discussed in Fig. 5 of belongs to the start of
Supplementary Video 5 (no amplitude damping except for the model perimeter)
and is very well resolved with relative amplitude errors less than 2%.

GPS motions, slab rollback and the plate boundary. The method to define slab
rollback, or advance, principally requires a mantle frame of reference, in practise
a frame attached to the lower mantle”, such that the trench-normal motion of the
slab relative to the mantle can be determined'. Previously, however, anomalous
GPS motions in the Moroccan Rif, as displayed in the African-fixed reference
frame (Fig. 2b), have been attributed to W-WSW?*? or SSW** directed RGB-slab
rollback. Fig. 5b shows the GPS motion field in the mantle frame of Doubrovine
et al.”” using the Africa pole for the past 10 Myr. This Africa pole predicts surface
motions that are relatively close to what we independently infer here (main text
and see below). This representation of the crustal flow field gives no indication

of slab rollback to the W-WSW of SSW. Instead it is evident in this mantle frame
that the crust that overlies the slab moves to the N-NNE in concert with the
African and Iberian lithosphere, and thus the entire slab, attached to both plates, is
following this motion, which we call slab dragging. Anomalous motion that does
not follow this general N-NNE slab transport is still seen in the Moroccan Rif
(Fig. 5b), which we explain in the main text as the slab-indentation effect due to
the mantle resistance against slab dragging.

Accepting the lateral shape of the slab as imaged by independent seismic
tomography experiments'~'* (Fig. 1 and Supplementary Video 1), buoyancy-driven
rollback, if any, can only be directed to the W-NW), that is, perpendicular to the
slab shape in the mantle frame (for example, Supplementary Fig. 1). Supplementary
Fig. 2 shows the GPS motion vectors with respect to mainland Iberia using the
Iberia--Nubia pole of Palano et al.*. Only in the Iberia-fixed frame the seemingly
westward motion of predominantly the western—central Betics and Gibraltar Strait
may be suggestive of western-slab rollback. This motion pattern of the Betics
in the Iberian frame is, however, entirely attributable to the use of the Iberian-
fixed reference frame for display, which cancels the NE absolute motion of the
Iberian mainland” (Fig. 5b and Supplementary Fig. 2). This NE Iberian motion
is apparently not followed by the western—central Betics and only partly by the
eastern Betics. The western Betics are still coupled to the slab'*' (Fig. 1) and
follow the slab motion (Figs. 2b and 5b). Hence, there is no conclusive evidence in
the GPS motion field for identifying slab rollback. Slab motion in a mantle frame
other than that resulting from buoyancy-driven trench-normal slab rollback would
require another forcing, as put forward in this paper.

The display of motions in the Iberian reference frame (Supplementary Fig. 2)
does, however, support the suggestion® that the plate boundary deformation
occurring between the Gulf of Cadiz and the eastern-plate fault systems, WTASZ
and EBSZ, defines a motion-transfer zone that involves the crust of the Betics,
rather than a plate boundary elsewhere*>*.

Determination of the local APM vectors. We compute the APM vectors at
location 3.5°W, 36°N, simulating the intersection point of the WTASZ and the
Carboneras fault (Fig. 2), using the inferred directions n, for the African APM
of N22.5°E +2.5° and ny, for the Eurasia APM of N51.5°E +2.5°, where n, and
ng are unit vectors. Using the observed relative motion Avg, of the Eurasian plate
relative to the Africa plate, we can solve the equation syng—s,n, =Av, for the
amplitudes s; and s, of the Eurasian and African APMs. Relative plate motions

are determined in various ways, for example, from an analysis of geologically
recent seafloor-spreading rates and fault azimuths (MORVEL"™) or from geodetic
observations of the present day (for example, SEGAL2013""*). These estimates

do not need to coincide if the current relative plate motions have changed with
respect to the average over the past few million years™, and using different geodetic
data sets may lead to slightly different relative plate motion estimates. The relative
motion determined from MORVEL is 3.3mmyr to the east and 3.9 mmyr to
the south. In model SEGAL2013, the relative motion is 4.8 mmyr to the east and
2.9mmyr ' to the south. Lastly, the relative motion computed from the poles of
Palano et al.* is 4.5mmyr' to the east and 2.3 mmyr' to the south. We computed
the magnitudes s; and s, of the absolute Africa and Eurasia motion across all
combinations of relative motion vectors and azimuths. This leads to the absolute
motion of Africa at the location 3.5°W,36°N to 10.6+2.5 mmyr' in the direction
N22.5°E +2.5° and for the Eurasian plate to 10.8 2.9 mmyr in the direction
N51.5°E+2.5° The given uncertainties in the APM estimates encompass all
variations in the relative plate motion and fault-strike observations. These APM
estimates are derived from kinematic geological data and geodetic data, both
essentially relative kinematic observations by nature.

Figure 3 shows our APM motion vector for the African plate (red vector). It is
significantly different from those of the GMHRF and other predictions, but follows
the trend of global hotspot mantle frames. The GMHRF Euler pole for the absolute
Africa motion of the past 10 Myr is rather uncertain (Supplementary Fig. 3), as
is reflected by its local prediction (Fig. 3). The single prediction of APM that we
make here constitutes a strong constraint for determining the Euler pole location
because the Euler pole is located on the great circle perpendicular to that estimated
direction (Supplementary Fig. 3). Hence, only two of such direction estimates in
spatially separated points would suffice to improve considerably the GMHRF Euler
pole position by refining the Euler pole’s confidence region (Supplementary Fig. 3).

Code availability. The SEPRAN finite element code used to generate the
subduction models is a commercial code that can be assessed through the code
developers™.

Data availability. The tomographic model UU-P07 is available at http://www.
atlas-of-the-underworld.org. GPS data sets are available through the respective
publications.
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